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(54) Semiconductor variable capacitor and method of making £ame 



(57) A variable capacitor in a semiconductor device 
is described in which the capacitance is varied by the 
movement of a dielectric material in the space between 
the plates of the capacitor in response to an external 
stimulus. A method of making such a variable capacitor 
is also described in which the capacitor is built in a lay- 



ered structure with the top layer including a portion of 
dielectric material extending into the space between the 
capacitor plates: After formation of the top layer, an in- 
termediate layer is etched away to render the top layer 
flexible to facilitate movement of the dielectric material 
in the space between the capacitor plates. 
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D scription 

[0001] The present invention relates generally to 
semiconductor devices, and more particularly to the in- 
corporation of a variable capacitor as an element of an 
integrated circuit formed on a common semiconductor 
substrate. 

[0002] Variable capacitors commonly employ move- 
able plates that vary the capacitance by varying the 
amount of overlap of adjacent parallel plates or the dis- 
tance separating two opposed parallel plates. Integrat- 
ing such variable capacitors with a moving plate as part 
of a semiconductor device.poses certain problems due 
to the inherent limitations of semiconductor device fab- 
rication. Examples of variable capacitors integrated on 
a semiconductor substrate are described in U.S. Patent 
Nos. 4,495 : 820 and 4,672,849, each of which discloses 
a device that senses changes in distance between a 
moveable plate and a fixed plate. The present invention 
departs from the moveable plate approach of these prior 
patents to achieve a simplified structure and fabrication 
process for making a semiconductor variable capacitor. 
[0003] The present invention provides a variable ca- 
pacitor integrated in a semiconductor device, which is 
suitable for use in vibration sensors, accelerometers, 
pressure sensors, and acoustic transducers. The ca- 
pacitance of the variable capacitor is varied by moving 
a membrane of dielectric material in a gap between fixed 
plates o1 a capacitor. Changes in capacitance are affect- 
ed by changing the dielectric value in the gap between 
the fixed plates. 

[0004] The variable capacitor of the present invention 
can be integrated in a semiconductor device using con- 
ventional fabrication techniques and materials in a 
unique sequence of steps that builds up a layered struc- 
ture including spaced-apart fixed plates and a dielectric 
membrane moveable in the space or gap between the 
plates. 

[0005] The novel features believed characteristic of 
the invention are set forth, in the appended claims. The 
nature of the invention, however, as well as its essential 
features and advantages, may be understood more fully 
upon consideration of an illustrative embodiment, when 
read in conjunction with the accompanying drawings, 
wherein: 

[0006] FIG. 1 is a schematic plan view of a variable 
capacitor in a semiconductor device according to one 
embodiment of the present invention. FIG. 1 includes a 
cutaway in an upper surface portion of the variable ca- 
pacitor to illustrate underlying features of the structure. 
[0007] FIG. 2 is a schematic cross-section of the var- 
iable capacitor depicted in FIG. 1 taken at section 2-2 
in FIG. 1, in which a flexible membrane is shown in its 
unflexed position. 

[0008] FIG. 2A is a schematic cross-section similar to 
FIG. 2 showing the flexible membrane in a fully flex d 
position. 

[0009] FIG. 3 is a schematic cross-section of the var- 



iable capacitor depicted in FIG. 1 taken at section 3-3 
in FIG. 1. 

[0010] FIG. 3A is a schematic cro$s-section similar to 
FIG. 3 but showing a slightly changed structure resulting 
5 from a process variation according to the present inven- 
tion. 

[0011] FIGS. 4-9 are cross-sectional views similar to 
FIG. 3 showing the structure at various stages in a proc- 
ess for making the device, the thickness dimensions of 

10 the various elements not being to scale. 

[0012] FIG. 10 is a schematic plan view of a variable 
capacitor in a semiconductor device according to anoth- 
er embodiment of the present invention. FIG. 10 shows 
sub-surface features using, dashed lines. 

is [0013] FIG. 11 is a schematic cross-section of a por- 
tion of the variable capacitor depicted in FIG. 10 taken 
at section 11-11 in FIG. 10. 

[0014] FIG. 1 2 is a circuit diagram illustrating circuitry 
for detecting the variations in capacitance of a variable 

20 capacitor of the present invention. 

[0015] FIG. 13 is a schematic cross-section through 
capacitor plate extensions showing connections thereto 
in a semiconductor device in which a variable capacitor 
of the present invention is integrated with other circuit 

2$ elements of the device. 

[0016] Referring to FIG. 1 , a portion of a semiconduc- 
tor device is indicated generally by reference numeral 
10, the portion 1 0 including a variable capacitor 1 2 fab- 
ricated according to the present invention. The variable 

30 capacitor 12 has a flexible membrane 14, which is 
shown with a cutaway 16 to reveal underlying features 
including a first elongated conductor 18 spaced parallel 
to a second elongated conductor 20. The space be- 
tween the conductors 18 and 20 defines a gap 22= and 

35 the conductors form the plates of the variable capacitor 
12, which may be connected to other circuit elements 
(not shown) of the device 1 0, as will be described below. 
It will be appreciated that other layouts, including by way 
of example interdigitated first and second conductors 

*o and interconnected arrays of conductors, can be used 
to increase the capacitance of a variable capacitor made 
according to the present invention. 
[0017] Referring to the cross-section of FIG. 2, the de- 
vice 10 is formed on a semiconductor substrate 24, 

^5 which is preferably a conventional silicon substrate and 
may have a contentional shallow epitaxial layer defining 
an upper surface region thereof. The substrate 24 has 
a top surface 26 on which a first insulating layer 28 is 
formed. The first insulating layer 28 is preferably an ox- 

50 jde layer, but may be any dielectric material, or may be 
a composite layer of two or more layers of which at least 
the top layer is a dielectric material. 
[0018] The first and second conductors 18 and 20, 
which are preferably aluminum, lie atop the oxide layer 

5S 28. A second insulating layer 30, which pr ferably is sil- 
icon nitride, overlies the first and second conductors 18 
and 20 and the portions of the oxide layer 28 not cov red 
by the conductors 1 8 and 20. The second insulating lay- 
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er 30 conforms to the top and side surfaces of the con- 
ductors 18 and 20. 

[0019] The flexible membrane 14 is a dielectric mate- 
rial and preferably comprises silicon nitride. Alternative- 
ly, it may comprise a polyimide layer. The flexible mem- 
brane 1 4 has a peripheral portion 32, which is supported 
through intermediate layers by the semiconductor sub- 
strate 24. The membrane 14 and the underlying nitride 
layer 30 define a cavity 34 therebetween. The cavity 34 
extends side-to-side to the periphery 32 of the mem- 
brane 14 both in the direction along the cross section of 
FIG. 2 as welt as in the direction perpendicular thereto, 
as will be appreciated from FIG. 1 . 
[0020] With further reference to FIG 2, the membrane 
1 4 includes a beam 36 that extends partially into the gap 
22 between the first and second conductors 18 and 20. 
Because the membrane 14 is flexible, the beam 36 is 
moveable within the gap 22. FIG, 2A shows the mem- 
brane 1 4 in its fully flexed position with the beam 36 ex- 
tending down into the gap 22 and abutting the top sur- 
face of the nitride layer 30. Openings or ports 38, shown 
in FIGS. 1 and 3, are provided in the membrane 14 to 
allow air to move into arid out of the cavity 34 facilitating 
movement of the membrane 14. 

[0021] When an external stimulus is applied to the 
membrane 1 4, the beam 36 moves up and down in the 
gap 22, thereby changing the dielectric property be- 
tween the first and second conductors 1 8 and 20. Since 
the gap 22 is essentially air, the dielectric value of the 
variable capacitor 1 2 changes as the beam 36 moves 
in the gap 22, thereby changing the capacitance in pro- 
portion to the movement of the beam 36. 
[0022] Referring to FIG. 3, the membrane 14 is rigidly 
supported at its periphery 32. In this embodiment the 
membrane's periphery 32 lies directly atop a portion of 
the underlying nitride layer 30. Another embodiment of 
the device is shown in FIG. 3A, in which the membrane's 
periphery, which is designated by reference numeral 
32', lies atop an intermediate insulating layer 40b, which 
in turn lies atop nitride layer 30. The device 10' of FIG. 
3A results from a process variation that is described be- 
low. 

[0023] FIG. 4 shows the structure of the variable ca- 
pacitor of the present invention at an. early stage in the 
preferred manufacturing process. The insulating layer 
28 is formed on the semiconductor substrate 24 to a de- 
sired thickness, which may be up to several microns in 
thickness depending oh the location of the variable ca- 
pacitor in the device structure and process requirements 
for other circuit elements fabricated as part of the same 
semiconductor device. The insulating layer 28 may be 
a relatively thin oxide layer deposited or grown directly 
on the substrate 24 using conventional processing tech- 
niques. Alternatively; layer 28 may be part of a relatively 
thick conventional field oxide. Furthermore, lay r 28 
may be a composit of several layers, the top most be- 
ing an oxide or other dielectric layer. It will also be ap- 
preciated that layer 28 may be formed above other ac- 



tive elements (not shown) of the device 10. 
[0024] Referring.toFIG. 5, a conductive layer of about 
0.5 to 3 microns in thickness is formed on the structure, 
preferably by conventional aluminum deposition. Then, 
5 selected portions of the conductive layer are anisctrop- 
ically etched using conventional patterning techniques 
to form the first conductor 18, and the second conductor 
20, and defining the gap 22 therebetween. Anisotropic 
1 etching is preferred because it produces .substantially 

10 straight vertical edges for the conductors 18 and 20, 
which is advantageous for forming the facjng surfaces 
of the capacitor plates of the variable capacitor of the 
present invention. Next, the second insulating layer 30 
is formed over the structure, resulting in the structure 

is depicted in FIG. 5. This is preferably accomplished by 
a conventional silicon nitride deposition. 
[0025] Referring now to FIG. 6, a third insulating layer 
40 is then formed on the second insulating layer 30. 
Preferably, the third insulating layer 40 is phosphosili- 

20 cate glass (PSG) and is deposited to a thickness of 
about 2 to 10kA. PSG is selected as the preferred ma- 
teria! for the third insulating layer 40 because it etches 
at a relatively fast rate. Also, standard wet etching using 
hydrofluoric acid preferentially etches PSG without sig- 

25 nificantly affecting silicon nitride. 

[0026] Portions of the third insulating layer 40 are then 
selectively etched at the periphery, as depicted in FIG. 
7, using conventional photolithographic techniques, 
leaving a PSG layer 40a intact. 

30 [0027] ' Next, referring to FIG. 8, the membrane 14 is 
formed over the structure, preferably by depositing sili- 
con nitride to a thickness of about 3 to 1 0kA. The silicon 
nitride membrane 14 conforms to the surfaces of the 
PSG layer 40a so as to form the beam 36 as shown. 

35 [0028] Referring to FIG. 9, portions of the membrane 
14 are selectively etched away using conventional pat- 
terning techniques to form the ports 38 in the membrane 
14, and in so doing expose underlying portions of the 
PSG Iayer40a. Thereafter, the PSG layer 40a is laterally 

40 etched, preferably using a standard hydrofluoric acid 
wet etch solution introduced through the ports 38, to 
form the cavity 34 as shown in FIG. 3. The removal of 
. the PSG layer renders the membrane 1 4 flexible so that 
the beam 36 is moveable up and down in the gap 22 

45 between the first and second conductors 18 and 20. 
[0029] In a variation of the process according to the 
present invention, the photolithographic patterning and 
etching steps for producing the structure of FIG. 7 can 
be eliminated. The silicon nitride for making the mem- 

so brane 14 can be deposited on the structure of FIG. 6 
and the process continued in the same manner there- 
after. When PSG layer 40 is laterally etched beneath the 
membrane 1 4, the etch duration is controlled so that the 
PSG is fully etched in the gap 22 and beneath the beam 

55 36, and then halted. After the resulting space 34 has 
been flushed out, the structure will app ar as shown in 
FIG. 3A. A portion 40b of the original PSG layer will re- 
main under the periphery 32' of the membrane 14. The 
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etch duration determines where the edge of the remain- 
ing PSG layer 40b will be located, and thus have some 
effect on the flexibility of the membrane 1 4. The decision 
whether to include the procedure of FIG. 7 or leave it 
out will depend on device design and process cost con- s 
siderations. 

[0030] Referring to FIGS. 10 and 11, a modified struc- 
ture 112 for the variable capacitor of the present inven- 
tion will be described. The modified variable capacitor 
112 is integrated as part of a semiconductor device 100, 10 
with similar elements designated by reference numerals 
similar to those previously employed. The variable ca- 
pacitor 11 2 has spaced-apart conductive plates 118 and 
1 20 qiefining a gap 1 22 therebetween. In the same man- 
ner as for the variable capacitor 12 previously de- is 
scribed, a flexible membrane 114 includes a beam por- 
tion 136 that moves up and down in the gap 122 be- 
tween the plates 1 1 8 and 1 20. The cavity or space 1 34 
between the flexible membrane 114 and a second insu- 
lating layer 1 30 is formed in a similar manner to that pre- 20 
viously described by etching out a PSG layer (not 
shown). However, in this modified embodiment, ports 
138 are removed from over the plates 118 and 120 and 
located at the periphery as shown in FIG. 10. After the 
PSG has been laterally etched and flushed out of the 2s 
space 134 beneath the membrane 114, an additional di- 
electric layer 102 is deposited and patterned to lie over 
the peripheral portions of the variable capacitor 112, 
thus covering the etch ports 138 as shown in FIG. 11. 
The dielectric layer 102 may be any suitable material 30 
such as a conventional glass passivation or a polyimide 
material. 

[0031] With the etch ports 1 38 covered, contaminants 
cannot enter the space 1 34 beneath the membrane 1 1 4. 
However, this will also cause the membrane 114 to be 35 
less flexible due to the air cushion beneath it. Therefore, 
the modified variable capacitor 112 will exhibit different 
electrical characteristics from the variable capacitor 1 2 
previously described. The variable capacitor 112 may 
be more suitable for use as a pressure-sensitive device *o 
that is physically contacted. An array of such capacitors 
112 would have useful application as a fingerprint de- 
tector. An example of a capacitor array used as a finger- 
print detector is described in U.S. Patent No. 5,325,442. 
Similarly, an array constructed in accordance with the 45 
present invention can provide a fingerprint image when 
contacted by a human finger. The varying pressure of 
the ridges and valleys of a finger can be sensed by read- 
ing the isolated capacitor values at array locations using 
sequential row scanning and column sensing. A read so 
enable transistor can be included at each variable ca- 
pacitor location, and row and column access can be pro- 
vided through the substrate and by conductors above 
the substrate in a manner similar to that used in conven- 
tional memory products, ss 
[0032] The preferred variable capacitor embodiments 
12 and 112 of the present invention can be employed in 
various applications including, by way of example, vi- 



bration sensors, acceierometers, pressure sensors, and 
acoustic transducers. Most such applications of the var- 
iable capacitor of the present invention will require am- 
plification of a signal produced by the variable capacitor 
With reference to FIG. 1 2, a simplified circuit 200, which 
includes elements of an integrated circuit formed on the 
same semiconductor substrate as the inventive variable 
capacitor, will be described. The circuit 200 enables 
sensing and amplifying of a voltage signal that varies 
with the capacitance variations of the variable capacitor, 
which is designated by reference character C v . The var- 
iable capacitor C v is connected in series with a fixed- 
value capacitor C f between a positive voltage supply V 
and ground connection. A $ense node 201 is defined at 
the connection between the variable capacitor C v and 
the fixed-capacitor C f . The signal on the sense node 201 
is amplified by a high gain amplifier 203 producing an 
output 205 that reflects the variations in the capacitance 
of the variable capacitor during operation. The output 
205 is applied to other circuitry (not shown) that is con- 
figured depending on the particular application. 
[0033] It will be appreciated that integration of a vari- 
able capacitor of the present invention as part of a con- 
ventional integrated circuit device is readily, achieved 
using conventional semiconductor processing technol- 
ogy. Referring to FIG. 13, a portion of an integrated cir- 
cuit device 300 is shown in which suitable contacts are 
made to an embodiment of the variable capacitor similar 
to those previously described. In this example, the sub- 
strate 324 is lightly doped P-type and includes an N+ 
doped region 304 that makes contact to capacitor plate 
318, which has a connecting portion extending through 
an opening in insulation layer 328. The N+ region 304 
may conveniently define a ground line connection in the 
device 300. A conductor 306 preferably formed in a sec- 
ond-level metal layer is used to make contact to the top 
surface of capacitor plate 320 through an opening in in- 
sulation layer 330. A conventional passivation layer 302 
covers the device. The capacitor plates 318 and 320 in 
FIG. 13 may be extensions of modified conductors 18 
and 20 of FIG. 1 extending beyond the periphery 32 of 
the embodiment of FIG. 1. Those skilled in the art will 
appreciate that the interconnection scheme illustrated 
in FIG. 13 is merely one of various different techniques 
that can be used to make contact to variable capacitor 
plates in an integrated circuit device such as device 300. 
[0034] Although a preferred embodiment of the inven- 
tion has been described in detail, it is to be understood 
that various changes, substitutions and alterations can 
be made therein without departing from the spirit and 
scope of the invention as set forth in the appended 
claims. 



Claims 

1. A variable capacitor lormed as part of a semicon- 
ductor device structure, comprising: 
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(a) a semiconductor substrate; 

(b) an insulating layer supported by said semi- 
conductor substrate; 

(c) a first conductor disposed on said insulating 
layer defining a first plate of the variable capac- 
itor; 

(d) a second conductor disposed on said insu- 
lating layer defining a second plate of the vari- 
able capacitor, said first and second conductors 
being spaced apart from each other to define a 
gap therebetween; 

(e) a flexible membrane supported at its periph- 
ery by said semiconductor substrate, said flex- 
ible membrane comprising dielectric material 
and including a portion extending into and 
moveable in the gap between said first and sec- 
ond conductors to change the capacitance of 
the variable capacitor. 



10 



15 



neath portions of the membrane by introducing 
acid through the ports, the etching removing the 
third insulating layer in the gap between the first 
and second conductors so that a cavity is 
formed in the gap, whereby the beam portion 
of the membrane is moveable in the gap. 

The method of claim 5 further comprising the step 
of: 

(a) selectively etching away portions of the third 
insulating layer prior to the step of forming a 
membrane on the structure to leave a region of 
the third insulating layer covering the first and 
second conductors. 

The method of claim 5 further comprising the steps 
of: 



2. The variable capacitor of claim 1 further comprising 20 
contacts for connecting said first and second con- 
ductors to elements of an integrated circuit formed 

on said semiconductor substrate. 

3. The variable capacitor of claim 1 wherein said first 25 
and second conductors have a thickness of approx- 
imately 0.5 to 3 microns. 

4. The variable capacitor of claim 1 wherein said flex- 
ible membrane consists essentially of silicon nitride, 30 
or polyimide. 

5. A method of making a variable capacitor by building 
up a layered structure to form a semiconductor de- 
vice, comprising the steps of: 35 

(a) providing a semiconductor substrate as a 
base for the structure; 

(b) forming a first insulating layer above the 
semiconductor substrate; *o 

(c) depositing a conductive layer on the first in- 
sulating layer; 

(d) patterning the conductive layer to form a first 
conductor and a second conductor on the struc- 
ture, said patterning defining a gap between the 
first and second conductors; 

(e) forming a second insulating layer over the 
structure; 

(f) forming a third insulating layer on the second 
insulating layer; 

(g) forming a membrane on the structure over- 
lying the third insulating layer, the membrane 
including a beam portion extending partially in- 
to the gap; 

(h) selectively etching portions of the mem- S£ 
brane to form ports exposing portions of the 
third insulating layer; 

(i) etching the third insulating layer laterally be- 



45 



so 



(a) connecting said first conductor to elements 
of an integrated circuit in the semiconductor de- 
vice; and 

(b) connecting said second conductor to ele- 
ments of an integrated circuit in the semicon- 
ductor device. 

8. The method of claim 5 further comprising the step 
of: 

(a) forming a dielectric layer over selected por- 
tions of the membrane, the dielectric layer cov- 
ering the ports. 

9. The method of claim 5 wherein the step of pattern- 
ing the conductive layer comprises anisotropically 
etching selected portions of the conductive layer. 

10. A semiconductor device including a variable capac- 
itor, comprising: 

(a) a semiconductor substrate; 

(b) a first conductor supported by said semicon- 
ductor substrate defining a first plate of the var- 
iable capacitor; 

(c) a second conductor supported by said sem- 
iconductor substrate defining a second plate of 
the variable capacitor, said first and second 
conductors being spaced apart from each other 
to define a gap therebetween; and 

(d) a beam of dielectric material moveable into 
and within said gap in response to an external 
stimulus, whereby movement of said beam ef- 
fects a change in the capacitance of the varia- 
ble capacitor. 

11. The semiconductor device of claim 10 furth r com- 
prising: 
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(a) a flexible membrane connected to said 
beam, said flexible membrane supported at its 
periphery by said semiconductor substrate; 
and 

(b) contacts connecting said first and second 5 
conductors to elements of an integrated circuit 
formed on said semiconductor substrate. 

12. The semiconductor device of claim 11 wherein said 
flexible membrane includes portions defining one or 10 
more ports, which overlie said first and second con- 
ductors. 

1 3. The semiconductor device of claim 1 2 wherein said 
ports are removed from over said first and second is 
conductors and are located at the periphery of the 
variable capacitor. 

14. The semiconductor device of claim .13 further com- 
prising a dielectric layer formed over selected por- 20 
tions of said flexible membrane, said dielectric layer 
covering the ports defined by said flexible mem- 
brane. 

1 5. The semiconductor device of claim 1 4 wherein said 25 
dielectric layer consists essentially of a convention- 
al glass passivation material, or polyimide. 

16. The semiconductor device of claim 11 wherein said 
first and second conductors extend beyond the pe- 30 
riphery of said flexible membrane to points of con- 
tact with elements of an integrated circuit formed 
together with the variable capacitor on said semi- 
conductor substrate. 

35 

17. The semiconductor device of claim 10 further com- 
prising: 

(a) a fixed capacitor connected in series with 
the variable capacitor; 40 

(b) a sense node defined at the connection be- 
tween said fixed capacitor and the variable ca- 
pacitor; and 

(c) a high gain amplifier connected to said 
sense node, said amplifier capable of produc- *s 
ing an output reflecting variations in the capac- 
itance of the variable capacitor during opera- 
tion. 



so 
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is described in which the capacitance is varied by the 
movement of a dielectric material in the space between 
the plates of the capacitor in response to an external 
stimulus. A method of making such a variable capacitor 
is also described in which the capacitor is built in a lay- 



ered structure with the top layer including a portion of 
dielectric material extending into the space between the 
capacitor plates. After formation of the top layer, an in- 
termediate layer is etched away to render the top layer 
flexible to facilitate movement of the dielectric material 
in the space between the capacitor plates. 
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